Population Diversity in Grapevine Yellow Speckle Viroid-1 and the Relationship to Disease Expression  by Szychowski, J.A. et al.
Population Diversity in Grapevine Yellow Speckle Viroid-1 and the Relationship
to Disease Expression
J. A. Szychowski,* R. Credi,† K. Reanwarakorn,‡ and J. S. Semancik*,1
*Department of Plant Pathology, University of California Riverside, Riverside, California 92521; †Istituto di Patologia Vegetale, Universita degli
Studi, I-40126 Bologna, Italy; and ‡Department of Plant Pathology, Kasetsart University, Kamphaengsaen, Nakorn Pathom, 73140, Thailand
Received April 21, 1998; returned to author for revision May 19, 1998; accepted June 12, 1998
Vitis vinifera cultivars Zinfandel-1A and Mission were found to harbor different grapevine yellow speckle viroid-1 (GYSVd-1)
variants and characterized to define the relationship to yellow speckle (YS) and vein-banding (VB) diseases. Products from
the left terminal (T1), pathogenic (P), and a portion of the central (C) domains of Zinfandel-1A and Mission displayed distinct
single-stranded conformation polymorphism (SSCP) patterns, presumably reflecting nucleotide changes in the P domain. The
two selections were shown to contain homogeneous populations of type 1 and type 2 GYSVd-1 variants described in
Australia. Symptoms of YS were induced only in vines containing the type 2 variant by treatment at a constant temperature
of 32°C in continuous light. SSCP of Pagadebit selections from Italy revealed the nonsymptomatic variant was essentially
identical to Zinfandel-1A, whereas symptomatic selections were unlike any other previously described. Nucleotide sequence
confirmed that nonsymptomatic selections from Italy contained the GYSVd-1 type 1 variant. A total of 43 changes were
spread throughout the T1, C, V, and T2 domains from symptomatic selections. This study establishes the Australian type 1
variant as the non-symptom-inducing form of GYSVd-1 and type 2 as the symptom-inducing variant. The distinct symptom-
inducing variant from Italy is proposed as a new type 3 variant of GYSVd-1. © 1998 Academic Press
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INTRODUCTION
Viroids were first recognized as unusual forms of plant
pathogens in the early 1970s, and at least 15 plant
diseases have been implicated to have a viroid etiology.
However, many viroid molecules are apparently main-
tained as symptomless carriers, indicating that replica-
tion and pathogenesis are not linked (Diener, 1987; Se-
mancik, 1987).
The five viroids in grapevine were identified by
Flores et al. (1985), Sano et al. (1985), Semancik et al.
(1987), Koltunow and Rezaian (1988, 1989a), and Reza-
ian (1990). The unusual characteristic of virtually an
ubiquitous occurrence of viroids in grapevine cultivars
in both California and Europe was noted by Szy-
chowski et al. (1991). Of the five known grapevine
viroids, only two, grapevine yellow speckle (YS) vi-
roid-1 and grapevine YS viroid-2 (GYSVd-1 and
GYSVd-2, respectively), have been reported to induce
YS disease symptoms (Koltunow et al., 1989). Approx-
imately 85% of the vines surveyed contained one of the
agents of YS disease. Citrus exocortis viroid (CEVd-g)
(Garcia-Arenal et al., 1987) and Australian grapevine
viroid (AGVd) (Rezaian, 1990) have been detected only
rarely in grapevine cultivars (Rezaian et al., 1992).
Grapevine viroids are subdivided into three groups
based on their homology within the central domain of the
viroid molecule (Keese and Symons, 1985). GYSVd-1,
GYSVd-2, and AGVd are classified in the apple scar skin
viroid (ASSVd) group, whereas hop stunt viroid (HSVd-g)
(Sano et al., 1985) and CEVd-g are related to the HSVd
and potato spindle tuber viroid (PSTVd) groups, respec-
tively (Elena et al., 1991).
YS disease was first reported as a graft-transmissible
agent in Australia (Taylor and Woodham, 1972). Symp-
toms of YS disease consisting of a few to a coalescence
of chlorotic specks on leaves are common in Australia
(Woodham et al., 1973) but rarely observed in California.
Expression of YS is ephemeral and mostly evident at the
end of the summer (Stellmach and Goheen, 1988), indi-
cating that symptoms are strongly influenced by climatic
conditions.
Vein-banding (VB) disease has been postulated to be
either a late season expression associated with fanleaf
degeneration caused by grapevine fanleaf virus (GFLV)
(Martelli and Savino, 1988) or the response to coinfection
by the YS disease agent and GFLV (Krake and Woodham,
1983). More recently, VB has been experimentally dem-
onstrated to result from a synergistic reaction between
grapevine viroids and GFLV (Szychowski et al., 1995).
With the demonstrated heterogeneity in naturally
occurring GYSVd-1 populations (Polivka et al., 1996),
as well as more prominent species, GYSVd-1 “type 1”
and “type 2” (Rigden and Rezaian, 1993), the assign-
ment of specific biological activity to variants of
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GYSVd-1 responsible for the variability of symptom
expression, was investigated. This study reports char-
acterization of GYSVd-1 variants and the relationship
with YS and VB disease syndromes.
RESULTS
GYSVd-1 variants from Zinfandel-1A
and Mission cultivars
Zinfandel-1A had been indexed as a “healthy” Founda-
tion Vineyard selection, whereas the Mission selection had
been maintained as a source vine for YS disease in the
Virus Collection at University of California Davis. Both
sources have been analyzed by sequential polyacrylamide
gel electrophoresis (sPAGE) as containing two components
migrating characteristic of GYSVd-1 and HSVd-g. Additional
testing by modified electrophoretic conditions suggested a
subtle difference in sPAGE mobility of the GYSVd-1 moieties
from the two cultivars. Therefore, testing of these two se-
lections was initiated to reveal possible distinctions be-
tween the GYSVd-1 variants.
Using primer pairs from the C domain, SS-1c and YS-3h,
and from the variable (V) and terminal 2 (T2) domains, YS-1c
and YS-2h, products of ;367 bp in length were produced
from both Zinfandel-1A and Mission. Generic primers from
the homologous regions of the ASSVd molecule, (1) SS-1c
and SS-2h, (2) SS-2c and SS-1h, and (3) SS-1c and SS-3h,
resulted in products of 217–221, 182, and 96 bp in length,
respectively. A product of ;167 bp also was amplified using
the ASSVd generic primer SS-2c and GYSVd-1-specific
primer YS-3h (Table 1 and Fig. 1).
Although double-stranded DNA products were ob-
tained from both Zinfandel-1A and Mission selections
using all combinations of primers, two principal primer
pairs were selected for GYSVd-1 variant characterization.
The SS-1c and SS-2h primer pair amplified a product that
copied the left terminal, pathogenic, and a portion of the
central (T1-P-C) domain segment, whereas the SS-2c
and YS-3h product copied part of central, variable, and
right terminal (C-V-T2) domain portion of the molecule.
The products generated from these two primer pairs
represented approximately half the size of the viroid and,
taken together, a full-length molecule. With this protocol,
molecules of optimal lengths for SSCP analysis were
generated (Telenti, 1994).
SSCP was accomplished using gel-purified polymer-
ase chain reaction (PCR) products from nucleic acid
extracts (Fig. 2A, lanes 1 and 4), as well as cDNA clones
(Fig. 2A, lanes 2 and 3), of both Zinfandel-1A and Mission
using the SS-1c and SS-2h primer pair. Both nucleic acid
extracts and cloned material resulted in a consistent
SSCP pattern for each cultivar composed of only two
bands, suggesting the presence of a highly homoge-
neous product. However, mobility of one DNA strand was
significantly faster in Zinfandel-1A than in Mission.
SSCP of PCR products copied from the C-V-T2 domains
that were amplified using the SS-2c and YS-3h primers
displayed equivalent banding patterns from tissue extracts,
as well as cloned material for both varieties. Even though
the YS-3h was a GYSVd-1-specific primer, reverse transcrip-
tion(RT)-PCR analysis using both ASSVd generic primers
SS-2c and SS-1h also resulted in similar banding patterns
between the two varieties (Fig. 3, lanes 1 and 8), although
separation between the bands was reduced compared
with the previous pattern. The similarity in banding patterns
in SSCP indicates nominal differences in the C-V-T2 do-
mains between these two selections.
Sequence analysis of GYSVd-1 from Zinfandel-1A and
Mission selections
Full-length cDNA clones (4 of 6) of Zinfandel-1A were
identical in nucleotide sequence to the GYSVd-1 se-
quence reported by Koltunow and Rezaian (1988). Two
clones displayed either a single change at residue 43 or
all three changes (Table 2). The majority of the clones (9
TABLE 1
Synthetic Oligodeoxynucleotide Primers Used in Reverse Transcription–Polymerase Chain Reactions
Primer a Domainb Sequence (59 3 39)c Specificity
YS-1c Terminal 2 GGACGCGAACGTGAATAGGd GYSVd-1
YS-2h Variable/terminal 2 TTGAGGCCTGGCGTAACGC GYSVd-1
YS-3h Central upper GGTGCACTCCGAGTG GYSVd-1
SS-1c Central upper CCTTCGTCGACGACGA ASSVd group
SS-1h Central upper TCGTCGTCGACGAAGG ”
SS-2c Central lower GTCCGCTCGACTRRCGG ”
SS-2h Central lower CCGYYAGTCGAGCGGAC ”
SS-3c Terminal 1 (TCR) MCCACAGGAACCDCDMG ”
SS-3h Terminal 1 (TCR) CKHGHGGTTCCTGTGGT ”
a Complementary (c) or homologous (h) to viroid sequence.
b Domains proposed by Keese and Symons (1985) and adopted for GYSVd-1 by Rigden and Rezaian (1993) and for ASSVd by Koltunow and Rezaian
(1989).
c Degenerate bases: R 5 A or G; Y 5 C or T; K 5 G or T; H 5 A, T, or C; D 5 G, A, or T; M 5 A or C. Refer to Figure 1 for locations on viroid molecule.
d Koltunow et al. (1989).
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of 11) from the amplification of partial-length products
from Zinfandel-1A using the ASSVd generic primers,
copying the T1-P-C domains, were identical to the re-
ported GYSVd-1 sequence (Koltunow and Rezaian, 1988).
A single change was detected in each of the other two
clones (Table 2). Clones (4 of 9) from the C-V-T2 domains
were identical, and eight of the clones contained the
same changes from the reported GYSVd-1 sequence at
positions 204 and 205. The ninth clone had only a single
change at residue 172 (Table 2).
The overlapping partial-length cDNA clones produced
by ASSVd generic primers resulted in similar sequences
as full-length cDNA clones generated by GYSVd-1-spe-
cific primers. Results from full-length and partial-length
sequences provided 17 total cloned sequences from the
T1-P-C domain segment and 15 sequences from the
C-V-T2 domain portion of the viroid molecule. The recur-
ring changes from GYSVd-1 (Koltunow and Rezaian,
1988) in T2 domain are highlighted in Table 2 and rep-
resent the Zinfandel-1A clone for sequence compari-
sons. The few sequence changes detected support the
predominance of a highly homogeneous GYSVd-1 popu-
lation in this selection.
The same approach toward sequence determination
was followed for the Mission selection. Full-length
clones (5 of 7) of Mission sequenced from amplification
products using GYSVd-1-specific primers YS-1c and
YS-2h detected seven exchanges and one addition in the
pathogenic domain (Table 2). In addition to the eight
changes, two of the seven clones contained single nu-
cleotide exchanges. Clones (8 of 10) from amplification of
partial-length products of the T1-P-C domains contained
the same eight changes as detected in full-length clones.
Two of the 10 clones also contained an additional
change in the pathogenic domain (Table 2). Sequences
of clones (six of seven) from Mission amplified from the
C-V-T2 domains exhibited the identical two changes at
FIG. 2. SSCP after silver staining a 14% polyacrylamide gel contain-
ing RT-PCR products from partially purified grapevine nucleic acid
extracts (lanes 1 and 4) and cDNA clones (lanes 2 and 3) from Zinfan-
del-1A (lanes 1 and 2) and Mission (lanes 3 and 4) (A) and RT-PCR
products from YS (lanes 1 and 3), VB (lane 5), and nonsymptomatic
(lanes 2 and 4) Pagadebit selections (B) using SS-1c and SS-2h prim-
ers, amplifying the left terminal, pathogenic, and a portion of the central
(T1-P-C) domains of GYSVd-1.
FIG. 3. SSCP after silver staining a 14% polyacrylamide gel containing RT-PCR products, using the SS-2c and SS-1h primer pair, amplifying a portion
of the central, variable, and right terminal (C-V-T2) domains of GYSVd-1 from cDNA clones of Pagadebit (lanes 2–7) and grapevine nucleic acid extracts
from Zinfandel-1A (lane 1) and Mission (lane 8), as reference samples. Nonsymptomatic (lanes 2–5) and YS symptomatic (lanes 6 and 7).
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positions 204 and 205 as detected in Zinfandel-1A. A
single exchange also was noted in one clone (Table 2).
Similar sequence changes were found in clones of Mis-
sion amplified from GYSVd-1 full-length and both partial-
length products, indicating a homogeneous GYSVd-1 pop-
ulation. Full-and partial-length sequence data provided 17
cloned sequences from the T1-P-C domain segment and 14
sequences from the C-V-T2 domains. The recurring nucle-
otide changes from the reported GYSVd-1 (Koltunow and
Rezaian, 1988) are highlighted in Table 2 and represent the
Mission clone for sequence comparison.
GYSVd-1 variants in Pagadebit selections from Italy
SSCP patterns of RT-PCR products from the T1-P-C do-
mains from nonsymptomatic Pagadebit selections (Fig. 2B,
lanes 2 and 4) were similar to banding patterns produced
from Zinfandel-1A (Fig. 2A, lanes 1 and 2). Products from YS
symptomatic Pagadebit selections (Fig. 2B, lanes 1 and 3)
displayed at least three bands in SSCP, and the VB sample
(Fig. 2B, lane 7) produced a more complicated pattern.
Banding patterns resulting from these samples were more
complex than those from the two reference selections from
California, potentially reflecting a more heterogeneous pop-
ulation of GYSVd-1 variants.
SSCP of PCR products from cDNA clones amplifying the
C-V-T2 domain segment resulted in different banding pat-
terns between nonsymptomatic and YS symptomatic selec-
tions. The patterns of nonsymptomatic samples (Fig. 3,
lanes 2–5) were similar to those of both Zinfandel-1A and
Mission references samples (Fig. 3, lanes 1 and 8, respec-
tively), but migration was slightly faster in nonsymptomatic
samples from Italy. In contrast, patterns from symptomatic
samples (Fig. 3, lanes 6 and 7) were quite distinct and
displayed three bands that migrated faster than the non-
symptomatic sources.
Sequence analysis of GYSVd-1 variants from Italy
All clones (4) sequenced from nonsymptomatic Pa-
gadebit selections from T1-P-C domains displayed three
changes from the published GYSVd-1 sequence (Kol-
TABLE 2
Nucleotide Changes in Grapevine Yellow Speckle Viroid-1 (GYSVd-1) Variants in California Selections from the Published Sequence
by Koltunow and Rezaian (1989) as Numbered by Rigden and Rezaian (1993)
Domain
Position
number
Zinfandel-1A Mission
T1-P-Ca C-V-T2 T1 3 T2b T1-P-Ca C-V-T2 T1 3 T2
T1 43 G 3 U
P 53 A 3 G
60–61 1G 1G
62 G 3 A G 3 A
71 A 3 C A 3 C
292 2G
306–308 AAC 3 UGA AAC 3 UGA
310–311 GA 3 CU GA 3 CU
321 A 3 G
C 92 C 3 G
112–113 GC 3 CG
281–282 1U
289 A 3 G
V
T2 155 A 3 G
170 G 3 U
172 G 3 U
190 U 3 A
200 U 3 A
204–205 GC 3 CG GC 3 CG
220 G 3 U
a Left column refers to sequence changes in clones using the SS-1c and SS-2h primer pair, amplifying the right terminal, pathogenic, and central
(T1-P-C) domains, and the right column refers to changes using the SS-2c and YS-3h primers, amplifying the central, variable, and right terminal
(C-V-T2) domains.
b Sequence changes using specific GYSVd-1 primers, YS-1c and YS-2h. Refer to Figure 1 for primer locations.
c Boxed nucleotides represent recurring changes from reported sequence.
c
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tunow and Rezaian, 1988) (Table 3). Clones (3 of 4) from
nonsymptomatic Pagadebit selections amplifying the C-
V-T2 domains contained four changes, and two addi-
tional changes were noted in the fourth clone (Table 3).
Clones from YS symptomatic selections (4) and the VB
symptomatic selection (2) amplifying the T1-P-C domains
revealed 11 unique changes, all localized within the T1
domain (Table 3). Clones (3 of 6) were identical, whereas
one clone contained an additional change and two
clones did not have either change at position 337 or 338.
Clones (8) from YS symptomatic selections sequenced
using SS-2c and SS-1h primers revealed 32 consistent
changes when sequenced. Found were 13 changes in
the C domain of the molecule, 6 in the V domain, and 13
changes in the T2 domain (Table 3). GYSVd-1 sequence
displaying recurring nucleotide changes detected in
symptomatic Italian selections is presented in a linear
rodlike secondary structure (Fig. 4) (Zuker, 1989) (Gen-
Bank accession number AF059712). The predicted sec-
ondary structure of the nucleotide sequence input as a
circular molecule resulted in a more complex model than
the linear structure. As noted previously, the recurring
changes from the reported GYSVd-1 detected in non-
symptomatic and symptomatic selections represent the
type clones for sequence comparison and are high-
lighted in Table 3.
Induction of YS symptoms
Although a GYSVd-1 sequence correlation was estab-
lished between the Zinfandel-1A variant and nonsymp-
tomatic selections from Italy, a relationship between the
Mission YS variant and symptomatic Pagadebit selec-
tions was not obvious. Even though Mission had been
indexed as a YS source vine at the University of Califor-
nia Davis, expression of YS had not been observed
under standard greenhouse or field conditions at the
University of California Riverside. In an attempt to induce
symptoms in tissues containing the putative YS causal
agent, both the Zinfandel-1A and Mission selections, as
well as the viroid-free Cabernet Sauvignon vines to
which the source GYSVd-1 variants had been transmit-
ted, were placed under stress conditions of high temper-
ature in continuous light to promote symptom expres-
sion. YS symptoms developed on the middle leaves of
vines containing the Mission variant ;2 weeks after the
temperature was increased to 32°C, whereas tissue on
the vines with the Zinfandel-1A variant remained symp-
tomless throughout the experiment. Also, a marked in-
crease in GYSVd-1 titer, as monitored by sPAGE, was
detected in the YS symptomatic tissue compared with
the nonsymptomatic tissue on the same vine (data not
shown).
VB symptomatic Zinfandel field tissues
To investigate the distribution and disease relation-
ship of the GYSVd-1 variant from Zinfandel-1A, a series of
VB samples were collected from commercial Zinfandel
plantings in California. All of the field samples were
found to be positive for GYSVd-1 and HSVd-g by sPAGE.
SSCP survey of RT-PCR products from the T1-P-C domain
segment indicated a more heterogeneous population of
GYSVd-1 variants in most Zinfandel field samples than
observed in the Zinfandel-1A selection. Two samples
(Fig. 5, lanes 2 and 3, top) displayed banding patterns
similar to those of symptomatic Pagadebit selections
from Italy (Fig. 2B, lanes 1 and 5). Comparison between
two samples collected from the same location revealed
one pattern similar to Mission (Fig. 5, lane 4, top) and one
more like Zinfandel-1A (Fig. 5, lane 6, top).
SSCP analysis of the C-V-T2 domains displayed similar
banding patterns (Fig. 5, lanes 2–7, bottom) and were
distinct from YS Mission and Zinfandel-1A reference
samples (Fig. 5, lanes 1 and 8, bottom, respectively).
Differences in banding patterns were not observed be-
tween the symptomatic and nonsymptomatic Zinfandel
field samples. Comparison of California Zinfandel field
samples with symptomatic Pagadebit selections from
Italy displayed similar patterns. The complexity of band-
ing patterns observed in the Zinfandel field tissues re-
flected a heterogeneous GYSVd-1 population and sug-
gested the presence of all variants found in Zinfandel-1A,
Mission, and Italian sources.
DISCUSSION
Zinfandel-1A and Mission selections were found to
harbor homogeneous populations of biologically distinct
nonsymptomatic and YS symptomatic variants of
GYSVd-1. These two selections display an unusual ho-
mogeneity given that Polivka et al. (1996) sequenced
nine different GYSVd-1 variants from 27 field isolates.
The homogeneity of the two California cultivars may be a
result of viroid segregation by bud selection during in-
dexing. A similar effect has been observed with segre-
gation of citrus viroids by bud selection in grapefruit
(Hadas et al., 1989), where different mixtures of three to
five viroids were recovered from trees inoculated with a
single source containing a complex of five viroids.
Identity of nucleotide sequence from GYSVd-1 full- and
partial-length products from both T1-P-C and C-V-T2 do-
main segments were consistent within the two selec-
tions. The eight recurring sequence changes observed in
Mission and not in Zinfandel-1A were located in the
pathogenic domain and suggest a linkage between this
area of the viroid genome and pathogenicity in the Mis-
sion cultivar. Full-length GYSVd-1 clones from a YS field
isolate in Australia have been grouped into two types
according to the absence (type 1) or presence (type 2) of
these same eight sequence changes in the pathogenic
domain (Rigden and Rezaian, 1993). From this, the
GYSVd-1 variant recovered from California Zinfandel-1A
can be categorized as type 1 and the variant from the YS
Mission source as type 2.
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TABLE 3
Nucleotide Changes in Grapevine Yellow Speckle Viroid-1 (GYSVd-1) Variants in Yellow Speckle and Nonsymptomatic Sources from Italy
from the Published Sequence by Koltunow and Rezaian (1988) as Numbered by Rigden and Rezaian (1993)
Domain
Position
number
Nonsymptomatic Symptomatic
T1-P-Ca C-V-T2 T1-P-Ca C-V-T2
T1 7 U 3 A
8 2U
12 G 3 U
14 U 3 C
31 U 3 A
337–338 GC 3 CG
354 C 3 U
357 U 3 A
366–367 UC 3 CU
P 318 U 3 A
C 86 G 3 A
115 C 3 Ub
119 G 3 A
121–122 GU 3 AG
123–124 GC 3 CU
126 U 3 C
239 U 3 G
241–242 GC 3 CU
243–244 CA 3 GC
245–246 CC 3 UG
251 U 3 A
281–282 1A
V 129 G 3 A
134 2U
137 A 3 U
143 A 3 G
228 U 3 A
236 C 3 U
T2 147–148 1U
154–155 GA 3 AG
158 A 3 U
188–189 AC 3 UU AC 3 UU
204–205 GC 3 CG GC 3 CG
206 U 3 A
208 C 3 U
212–213 UC 3 CU
223 U 3 C
a Left column refers to sequences changes in clones using the SS-1c and SS-2h primer pair, amplifying the left terminal, pathogenic, and central
(T1-P-C) domains, and the right column refers to changes utilizing the SS-2c and SS-1h primers, amplifying the central, variable, and right terminal
(C-V-T2) domains. Refer to Figure 1 for primer locations.
b Boxed nucleotides represent recurring changes from reported sequence.
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SSCP banding patterns of nonsymptomatic Pagadebit
selections from Italy were similar to those of Zinfan-
del-1A products, suggesting sequence conformity be-
tween these selections. The differences observed in
SSCP from the C-V-T2 domain segment might have re-
sulted from two recurring changes, AC to UU at positions
192 and 193, detected in all nonsymptomatic selections
that were not found in Zinfandel-1A. Therefore, based on
criteria for the GYSVd-1 type variants, the nonsymptom-
atic Italian selections were also categorized as a type 1.
Although a virtual identity could be established among
all nonsymptomatic selections as a GYSVd-1 type 1, the
symptomatic Pagadebit selections from Italy were
uniquely distinct from the type 2 symptom-inducing YS
variant from Australia and California. Even though SSCP
results suggested a heterogeneous viroid population in
the symptomatic selections, the sequences were re-
markably conserved, indicating this variant was the ma-
jor component of the population. Few sequence similar-
ities were observed between the symptomatic source
from Italy and GYSVd-1 variants previously reported (Rig-
den and Rezaian, 1993; Polivka, et al., 1996). No changes
were detected in the pathogenic domain of the symp-
tomatic Italian selections; however, this domain was cor-
related with YS pathogenicity in the Mission selection.
With this, the symptomatic Pagadebit selections from
Italy could not be categorized as a type 2, indicating that
more than one predominant GYSVd-1 variant can be
associated with symptomatic tissues. The designation of
this variant as GYSVd-1 type 3 seems appropriate. The
application of generic primers thus fulfilled the designed
purpose of detecting the presence of any GYSVd-1 vari-
ants, as well as other ASSVd-related viroids.
Because expression of the disease is not usually seen
in California, controlled environment conditions proved
valuable for the induction of YS symptoms on the Mission
and viroid-free Cabernet Sauvignon vines inoculated
with GYSVd-1 type 2 variant. The GYSVd-1 type 1 from
Zinfandel-1A could not be induced to display symptoms.
Zinfandel-1A was found to be an unusual selection that
contained a homogeneous population of the type 1 vari-
ant that had been previously indexed as “healthy” and
here as YS negative even when subjected to high tem-
peratures and continuous light. This relationship is fur-
ther confirmed by independent bioassay made in Italy of
nonsymptomatic selections that also contained a type 1
variant. It is interesting to note that the GYSVd-1 type 1
displays a homogeneity among three different cultivars
(Cabernet franc, Pagadebit, and Zinfandel) from three
distinct viticulture regions (Australia, Europe, and North
America).
A positive correlation was established between sever-
ity of YS symptomatic tissues induced under controlled
conditions and an increase in GYSVd-1 titer. Yang and
Hooker (1977) reported that symptom expression of po-
tato spindle tuber viroid (PSTVd) in tomato was en-
hanced by incubation of infected plants in continuous
light at 24–30°C. Infectivity of extracts from the highly
symptomatic white or bleached portions of the tomatoes
were 3–10 times greater than those from green portions.
A variant of avocado sunblotch viroid (ASBVd-B) has also
been shown to display a higher viroid titer in the
FIG. 4. SSCP analysis after silver staining a 14% polyacrylamide gel containing RT-PCR products from nucleic acid extracts of Zinfandel field
samples using SS-1c and SS-2h primers, amplifying the left terminal, pathogenic, and a portion of the central (T1-P-C) domains of GYSVd-1 (lanes 2–7,
upper) and SS-2c and SS-1h, amplifying part of the central, variable, and right terminal (C-V-T2) domains (lanes 2–7, lower). VB symptomatic (lanes
2–6), nonsymptomatic (lane 7), and Mission (lane 1) and Zinfandel-1A (lane 8) as references.
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bleached area of the leaf compared with the green por-
tions of the same leaf (Semancik and Szychowski, 1994).
A similar increase in viroid titer has been noted between
the chlorotic and the green regions of the same leaf in
grapevine VB symptomatic field tissues infected with
GFLV (Szychowski et al., 1995). The correlation between
increased viroid titer and symptom expression might be
related to any number of stress factors, such as high
temperatures, photoperiod, or virus infection. Whether
this phenomenon is a cause or result of symptom ex-
pression has not been defined.
To further emphasis the unique features of the specific
Zinfandel-1A selection, SSCP survey revealed complex
banding patterns in Zinfandel field tissues from Califor-
nia vineyards. The patterns among these field samples
appeared to contain a combination of all GYSVd-1 vari-
ants analyzed in this report, including the unusual variant
observed in symptomatic tissues from Italy. Detection of
the variant from symptomatic Pagadebit selections in
these tissues might be related to the presumed site of
origin of Zinfandel as a cultivar morphologically indistin-
guishable from Primitivo, a variety grown in Southern
Italy (Bowers et al., 1993). Thus, it is possible that the
unusual variant pattern detected in Zinfandel field sam-
ples from California has been perpetuated by vegetative
propagation after importation of Primitivo from Italy.
Sequence similarities among the GYSVd variants were
compared to determined genome relationships (Fig. 6).
The Italian symptomatic variant was characterized by a
greater distinction from the nonsymptomatic selections
from Italy than exists between the symptomatic and non-
symptomatic variants from California. A tree (Fig. 6) com-
paring the variants was produced using a multiple se-
quence alignment (Higgins and Sharp, 1989). A pro-
nounced clustering of the nonsymptomatic variants
shows the identity of the variant found in Zinfandel-1A
with the GYSVd-1 type 1 variant from Australia, as well as
a close relationship to the Italian nonsymptomatic selec-
tions. The identity of the YS symptomatic Mission and the
GYSVd-1 type 2 variant is more closely related to non-
symptomatic variants than to either the symptomatic
Italian variant or GYSVd-2. The relationship shown in this
figure further supports the recommendation of the symp-
tomatic variant from Italy as a unique class.
This study establishes type 1 as the nonsymptomatic
variant of GYSVd-1, whereas type 2 was shown to be a YS
symptom-inducing variant. Although there is only an 85%
sequence homology between the symptomatic variant
from Italy and the symptomatic type 2 variant, this rela-
tionship exceeds that of GYSVd-2 with only a 75% homol-
ogy to the type 2 variant of GYSVd-1, yet both are reported
to induce YS symptoms. It is interesting to note that a
higher sequence homology exists between the non-
symptomatic and symptomatic GYSVd-1 variants (86–
98%) than between the GYSVd-1 symptomatic variants
and GYSVd-2 (75–78%). Therefore, this broad diversity
observed in the symptom-inducing GYSVd variants may
contribute to the variability and ephemeral expression of
the YS-VB disease syndrome.
Given the similarities in electrophoretic mobility in
sPAGE, molecular size of 366 nucleotides, and symptom
expression, a type 3 designation is proposed for the new
symptom-inducing variant from Italy. The heterogeneity
of the naturally occurring GYSVd-1 populations demon-
strated in this study and by Rigden and Rezaian (1993)
and Polivka et al. (1996) indicate the probability that
additional GYSVd-1 symptom-inducing variants might yet
be segregated.
MATERIALS AND METHODS
Viroid extraction and detection
Vitis vinifera cultivars of Zinfandel (selection 1A) from
the foundation vineyard (FV) and a Mission YS source
from the virus collection (VC) at the University of Califor-
nia Davis (kindly provided by Foundation Plant Material
Services) were maintained at the University of California
Riverside. Fresh leaf tissues of VB symptomatic Zinfan-
del from commercial vineyards in California were mac-
erated in liquid nitrogen and maintained at -20°C until
extraction. Pagadebit selections from Italy were received
as lyophilized samples from nursery clones represented
by pairs of a nonsymptomatic and a YS symptomatic
sample derived from a common source, as well as a VB
symptomatic selection. The Italian YS- and VB-associ-
ated grapevine materials contained GYSVd-1 and
HSVd-g components as previously determined by sPAGE
(Szychowski et al., 1995). Tissue extraction and viroid
detection by sPAGE were performed essentially as re-
ported (Igloi, 1983; Rivera-Bustamante et al., 1986; Szy-
chowski et al., 1988).
RT-PCR and viroid cDNA cloning
First-strand cDNA was synthesized from grapevine
nucleic acid extracts by RT. An equivalent of 100 mg of
tissue extract was combined with 0.7 mg of cDNA primer,
denatured at 85°C for 5 min, and annealed at 37°C for 15
min. ASSVd generic primers SS-2c, SS-2h, SS-3c, and
SS-3h were synthesized with degenerate bases inserted
to amplify any viroid within the ASSVd group (Table 1 and
Fig. 1). The RT reaction was incubated at 42°C for 1 h
using 200 U of Moloney murine leukemia virus (M-MLV)
reverse transcriptase.
For the PCR, one tenth of the 20-ml RT reaction product
was combined in a volume with a final concentration of
1.5 mM MgCl2, 0.25 mM concentration of dNTPs, 100 ng
of each cDNA and homologous DNA (hDNA) kinased
primers, and 2.5 U of Taq DNA polymerase. The reaction
mixture was cycled at 92°C for 0.5 min, 45°C for 1 min,
and 72°C for 2 min, and repeated 35 times with a final
72°C extension cycle of 15 min. Products were pooled for
randomization from several RT and PCRs before recov-
ery using the Wizard PCR Preps DNA purification proce-
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FIG. 6. Relationships among grapevine YS viroid variants using multiple sequence alignment method described by Higgins and Sharp (1989) in the
PileUp program (A) and sequence similarities (%) using the alignment method of Needleman and Wunsch (1970) in the Gap program of Genetics
Computer Group (1994) (B). Sequences variants for Zinfandel-1A, Mission, and Italian selections represent clones containing the recurrent exchanges
as represented on Tables 2 and 3.
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dure (Promega) or the High Pure PCR Product Purifica-
tion Kit (Boehringer Mannheim). Cloning was accom-
plished by blunt-end ligation into pUC 18 vector and
transformed into Escherichia coli DH5a, performed es-
sentially as described previously (Sambrook et al., 1989).
SSCP and sequence analysis
Selected cDNA clones were recovered from purified
plasmids by PCR amplification using GYSVd-1-specific
and ASSVd generic primers (Table 1) in the presence of
Pfu DNA polymerase using an annealing temperature of
55°C. Amplified products were mixed with an equal vol-
ume of 10 mM NaOH, 95% formamide, and 0.05% each
bromphenal blue and xylene cyanole, heated to 70°C for
2 min, and then placed on ice until loaded. Electrophore-
sis was performed on a 14% polyacrylamide minigel (10
3 8 3 0.075 cm) at constant 200 V at 4°C (Palacio and
Duran-Vila, in press) until the xylene cyanole dye had
migrated off the gel for 30 min; the gel was fixed and then
silver stained.
Viroid cDNA clones were sequenced using fmol DNA
Sequencing System (Promega) with an end-labeled M13
Universal forward primer. Electrophoresis was per-
formed on a Sequagel-6 gel (National Diagnostics), fixed,
dried, and exposed on x-ray film overnight.
YS symptom induction
Induction of YS symptoms in grapevine tissue was
accomplished essentially as reported previously (Mink
and Parsons, 1975). Rooted cuttings of shoot-tip cul-
tured viroid-free (Duran-Vila et al., 1988) Cabernet Sau-
vignon inoculated with highly purified GYSVd-1 from
both Mission and Zinfandel-1A (Szychowski et al.,
1988) and the viroid source vines were placed under
continuous light at 25°C constant temperature for 35
days, followed by a temperature increase to 32°C until
symptom appearance.
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